A light higgsino is strongly favored by the naturalness, while as a dark matter candidate it is usually under-abundant. We consider the higgsino production in an early matter-dominated universe, caused by a scalar field with an initially displaced vacuum. We find that given a proper reheating temperature induced by the scalar decay, a light higgsino could provide the correct dark matter relic abundance. One the other hand, a sub-TeV higgsino dark matter, once observed, would be a strong hint of a non-standard thermal history of the universe.
I. INTRODUCTION
Although supersymmetry has evaded all observations, it is still well motivated for solving the naturalness problem as well as providing a WIMP dark matter candidate. In the minimal supersymmetric standard model(MSSM), assuming the conservation of the R-parity, usually the lightest neutralino plays the role of dark matter. It is a mixing state of the higgsino and gauginos, whose mass is determined by the higgsino mass parameter µ and gaugino mass parameters M 1,2 .
At the same time, the µ term is also involved in the Higgs mass matrix. If it is much beyond a hundred GeV, a fine-tuning would be present in the Higgs mass. Such a fine-tuning, not strictly, can be roughly estimated by
To avoid too much fine-tuning in the Higgs mass, a moderate higgsino mass parameter µ around hundreds of GeV is preferred. However, it is known that a sub-TeV higgsino-like neutralino is under-abundant, while a bino-like neutralino generally requires the µ parameter lager than TeV to evade the dark matter direct detection [1, 2] 1 . These observations force us to accept the fact that either MSSM only provides part of the dark matter in our universe or it has been fine-tuned at least around O(200).
On the other hand, for the WIMP dark matter, one often postulates that the dark matter freezes out in a radiation-dominated universe. The thermal freeze-out temperature is around m χ /20
which is typically a few GeV to tens of GeV for a WIMP dark matter. However, since we have no information about the details of the early universe before the big bang nucleosynthesis(BBN), there is no reason to assume the universe must be radiation-dominated when dark matter freezeout happens. One of the variations is that there may exist a matter-dominated epoch before the BBN, caused by a scalar field with an initially displaced vacuum and undergoing a coherent oscillation when the Hubble parameter becomes smaller than the mass of the scalar. Such a scalar is ubiquitous in new physics models, for instance, the axion-like particles(ALPs) [5, 6] , the moduli [7] [8] [9] , or the flaton [10] , etc.. If the dark matter freezes out during the matter-dominated epoch, the relic density of the dark matter would be much different. Such a scenario is well studied in the literature , and emphasized recently by [35] [36] [37] [38] [39] [40] [41] [42] [43] .
In this paper, concerning the naturalness, we study the higgsino dark matter production in a non-standard thermal history of the universe. We will show that a light higgsino could be a natural dark matter candidate with the correct relic abundance 2 . The paper is organized as follows. We first overview the calculation of the dark matter relic density in the matter-dominated universe, and then we show how the higgsino dark matter could be accommodated in such a framework. In the end, we discuss the detections of the higgsino dark matter.
II. HIGGSINO DARK MATTER IN AN EARLY MATTER-DOMINATED UNIVERSE
It is well-believed that the early universe undergoes a rapid expansion period which is called inflation, after which the universe is reheated and the radiation-dominated epoch starts with an initial temperature. The radiation-dominated epoch continues to a very late stage until the matter component of the universe takes over. This is the common lore of the history of our universe.
However, if there exists a scalar initially displaced from the minima of the vacuum, when the Hubble parameter becomes smaller than the scalar mass, it will start to oscillate around the minima and behave as a matter component of the universe. It soon dominates the universe and the universe becomes matter-dominated. After the decay of the scalar, the universe is reheated 3 with a temperature at least larger than 4 MeV without destroying the BBN [47] [48] [49] . We denote such a scalar as φ, with mass m φ , decay width Γ φ and the initial displaced value φ I (for the moduli φ I ∼ M P l ). The decay width can be calculated by
where Λ is the typical scale where the scalar couples to the standard model sector (for the moduli, Λ = M P l ). C is an O(1) parameter depending on the detail of the physics. The reheating temperature can be defined when the life time 1/Γ φ is equal to the time scale of the universe 1/H:
During this epoch, the related Boltzmann equation can be written as [35] :
where ρ φ , ρ r are the energy density of the scalar field and radiation respectively and n χ is the number density of the dark matter. E χ m 2 χ + 3T 2 is the average energy of the dark matter. The second term of right side of Eq. (6) denotes the dark matter non-thermal production from the scalar decay while the third term is the dark matter annihilation. Here b can be understood to be the branching ratio of the scalar decaying into the higgsino sector, and σv should be taken
where x = m χ /T and all the higgsino components (H 0 1 ,H 0 2 ,H + ,H − ) should be included in the calculation in Eq. (7) . The temperature T and entropy s can be derived as
To solve the Boltzmann equation, we define the following dimensionless parameters:
The boltzmann equation can be rewritten as [35] H dφ
where c ρ = π 2 g * (T rh )
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The Hubble parameter H is
In the hot universe, instead of using R in Eq. (13) it is more convenient to use the temperature T as a parameter
The energy density of radiation and entropy can be related in Eq. (9) and Eq. (10) . We note that the factor 1 3 d log h * d log T could be as large as ∼ 0.4 when the temperature get close to the QCD confinement scale. It is particularly important when T rh becomes close or below this scale.
Assuming b 1, the temperature during the matter-dominated epoch can be estimated as [14] T
where 
where T f o is the freeze-out temperature in the matter-dominated epoch, it is above but not too much larger than T f o , and Ω 0 h 2 is the relic density calculated in the normal freeze-out where a radiation-dominated universe is assumed. As shown in Eq. (19), the dark matter relic abundance becomes even smaller. The main reason is that dark matter number density is diluted by the entropy release from the scalar decay. In this case, again for a higgsino mass below 1 TeV, it can only provide part of the dark matter in our universe. (4)) and b = 0: in this case, the dark matter is mainly non-thermally produced from the scalar decay. The dark matter starts to follow the thermal equilibrium, and soon it freezes out when the production rate from the scalar decay becomes equal to the annihilation rate. At this stage,
Considering s ∝ A −9/8 in matter-dominated epoch, we get Y χ = n χ /s ∝ A −3/8 . In Fig. 1 it clearly shows the evolution of Y χ for b = 10 −2 , 10 −3 , 10 −4 is flatter than that in the case b = 0. More interestingly, in addition to the freeze-out, there is a re-annihilation process at a temperature T T rh . The main reason is that after the total decay of the scalar, the dark matter number density is too large that the dark matter annihilation rate becomes much larger than the expansion rate of the universe, i.e. n χ (T rh ) σv H(T rh ). Then the dark matter start to re-annihilate until n χ (T rh ) H(T rh ) σv satisfied. Note that the final dark matter number density after re-annihilation is not sensitive to the value of b. As shown in Fig. 1 , even if the b = 10 −2 , 10 −3 , 10 −4 , the final dark matter relic density could be very similar. Comparing to the normal freeze-out, the relic density of the dark matter can be approximated by [14] Ωh
This result is independent of b, only T rh involved. In the literature this scenario is often denoted as "non-thermal WIMP miracle" [33] or "re-annihilation scenario" [31] . In this case, the dark matter relic abundance is enhanced with a factor T f o T rh . Therefore, with a given T rh one can always find a light higgsino with a correct dark matter relic abundance. 4 We note that even if the reheating temperature is defined as the typical temperature at which scalar decays, only around 20% of the energy density of φ is transferred into the radiation at T = T rh . The total decay completes at a later time, that is why the re-annihilation happens at a lower temperature than T rh .
Finally the dark matter relic density can be calculated by
where the current entropy s 0 = 2.89 × 10 9 m −3 , M P l = 1.22 × 10 19 GeV, ρ c /h 2 = 10.5 GeVm −3 . For a higgsino mass beyond 1 TeV, it is usually over-abundant.
Since in the re-annihilation scenario the final number density of dark matter is not sensitive to the value of b, in the following calculation we fix b = 10 −2 . Our numerical results are checked by comparing the dark matter relic density calculated in the limit T rh T f o (in practice T rh = mχ 2 ) with the results calculated by MicrOMEGAs [50] which assumes dark matter freeze-out during the radiation era. We find that these two results are well consistent with each other and the deviation is within a few percents. In our calculation, except for the higgsino mass parameter µ, 4 Note there is another scenario where b is very small and the re-annihilation never happens. We do not study this scenario here due to the following reason: in supersymmetry, if the scalar can decay into SM sector, it can also decay into the SUSY sector. We expect such decay is also sizable in SUSY sector. To satisfy n χ (T rh ) < H(T rh ) σv where re-annihilation never happens, we need a rather small b (b 10 −7 for our benchmark point).
we fixed all the other SUSY mass parameters to be 3 TeV. The A t and tan β are set to be 4 TeV and 20 respectively to fit a Higgs mass around 125 GeV.
In principle, we can always get the correct dark matter relic abundance for a light higgsino through tuning the reheating temperature T rh . In Fig. 2 the dashed blue line tells the required T rh versus the corresponding higgsino mass. It shows that the required reheating temperature could vary from 1 GeV to 230 GeV with the corresponding higgsino mass from 100 GeV-1 TeV.
The typical reheating temperature for 100 GeV higgsino is around 1 GeV to satisfy the correct dark matter relic density. For a higgsino mass beyond 1 TeV, the higgsino dark matter is usually over-abundant. Actually in that case, if we set b = 0 and a proper T rh , heavy higgsino dark matter is also applicable. Since we are only interested in a light higgsino, here we do not present the related results. On the other hand, if we finally find a higgsino dark matter below 1 TeV, we can easily refer to the reheating temperature from Fig. 2 .
In the following, we discuss more details about the detection of the higgsino dark matter. 
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A. higgsino DM direct searches
In MSSM, the dark matter-nucleon interactions are mainly mediated by the Higgs boson. For a higgsino dark matter, the higgsino-higgsino-Higgs coupling origins from the higgsino-Higgs-gaugino coupling with mixing between gaugino and higgsino. In Fig. 3 the gray region is covered by the dark matter direct search from Xenon-1T [51] , where we fix tan β = 20 and M 1 = M 2 with varying M 1 from 1 TeV to 3 TeV. It shows a universal gaugino mass below 1.8 TeV has been excluded.
B. higgsino DM indirect searches
For the higgsino dark matter, at present it still annihilates into SM particles and provides an astronomical signal. The major annihilation channels for higgsino dark matter are W + W − and ZZ, which would lead to a gamma ray signal in the galaxies. Here we consider the Fermi-LAT gamma ray observations from dwarf-spheroidal galaxies [52] . The γ-ray flux from dark matter annihilation is
In our numerical calculation, the gamma spectrum dNγ dEγ is simulated by Pythia-8.2 [53] and the likelihood for each dwarf galaxy is calculated by [54] :
L(J|J obs , σ J ) = 1 log(10)J obs √ 2πσ J e −(log 10 J−log 10 J obs ) 2 /2σ 2 J
The 24 bins of L j (Φ j (m χ , σv , J)) are calculated by using the tabulated likelihood provided by Fermi-LAT for each dwarf galaxy and energy flux. The limit on σv is derived by requiring
whereĴ is the J-factor that maximizes the likelihood for a given σv and m χ , while the L(m χ , σv ,Ĵ) is the global maximum of the likelihood for a given m χ . Instead of combining all the dwarf galaxy analysis, we just simplify to adopt the strongest limit on the σv for all the dwarf galaxy analysis. Finally, we find a higgsino dark matter with a mass less than 310 GeV has been excluded by the gamma-ray searches 5 . It is known that the collider search for higgsino is very difficult. The major difficulty is due to the degeneracy of the spectrum. For |M 1 |, |M 2 | µ, the mass splitting
For the chargino the mass splitting is even smaller, mχ± 1 − mχ0 1 ≈ ∆m 2 . Depending on the gaugino mass, the mass difference can vary from sub-GeV to 30 GeV. For the mass splitting around sub-GeV, the only way to look for such higgsino is through monojet plus missing energy at the large hadron collider(LHC). With high luminosity LHC, it is possible to probe higgsino below 150 GeV [56] . For a larger mass splitting, the soft leptons from the heavier neutral higgsino can be tagged and taken to be a typical signal of higgsino [57] [58] [59] . LHC already performed such searches [60] and give a limit around 100-150 GeV with ∆m varying from 2 GeV-20 GeV. We add such a limit in Fig. 3 , and it shows only a tiny region is covered by the current LHC, while this region is readily excluded by the other dark matter searches. Other ways to look for the higgsino can be found in [61] [62] [63] .
III. SUMMARY AND CONCLUSIONS
We consider the higgsino DM production in a non-standard thermal history of the universe.
Given a proper the reheating temperature, we find a light higgsino could provide the correct dark matter relic abundance. We also find the γ-ray searches from Fermi-LAT already exclude a higgsino mass below 310 GeV. One the other hand, the discovery of the light higgsino dark matter below 1 TeV would be a strong hint of the non-standard thermal history of the universe.
A reheating temperature can be referred to depending on the mass of the higgsino dark matter.
